A Available online at BCREC website: https://bcrec.id e —
BCREC
CREC © Bulletin of Chemical Reaction Engineering & Catalysis, 16 (4) 2021, 857-868 E———

Research Article

Modelling Based Analysis and Optimization of
Simultaneous Saccharification and Fermentation for the
Production of Lignocellulosic-Based Xylitol

Ibnu Maulana Hidayatullahl, I Gusti Bagus Ngurah Makertiharthal2, Tjandra Setiadil,
Made Tri Ari Penia Kresnowatil:3:*

1Department of Chemical Engineering, Faculty of Industrial Technology, Institut Teknologi Bandung,
Jalan Ganesha No. 10, Bandung, West Java, 40132, Indonesia.
2Center for Catalysis and Reaction Engineering, Faculty of Industrial Technology, Institut Teknologi
Bandung, Jalan Ganesha No. 10, Bandung, West Java, 40132, Indonesia.
sDepartment of Food Engineering, Faculty of Industrial Technology, Institut Teknologi Bandung,
Kampus Jatinangor, Sumedang, Indonesia.

Received: 24t July 2021; Revised: 10t September 2021; Accepted: 1204 September 2021 .
Available online: 20th September 2021; Published regularly: December 2021 Check for
updates
Abstract

Simultaneous saccharification and fermentation (SSF) configuration offers efficient use of the reactor. In this
configuration, both hydrolysis and fermentation processes are conducted simultaneously in a single bioreactor, and
the overall processes may be accelerated. However, problems may arise if both processes have different optimum
conditions, and therefore process optimization is required. This paper presents a mathematical model over SSF
strategy implementation for producing xylitol from the hemicellulose component of lignocellulosic materials. The
model comprises the hydrolysis of hemicellulose and the fermentation of hydrolysate into xylitol. The model was
simulated for various process temperatures, prior hydrolysis time, and inoculum concentration. Simulation of the
developed kinetics model shows that the optimum SSF temperature is 36 °C, whereas conducting prior hydrolysis
at its optimum hydrolysis temperature will further shorten the processing time and increase the xylitol
productivity. On the other hand, increasing the inoculum size will shorten the processing time further. For an
initial xylan concentration of 100 g/L, the best condition is obtained by performing 21-hour prior hydrolysis at 60
°C, followed by SSF at 36 °C by adding 2.0 g/L inoculum, giving 46.27 g/L. xylitol within 77 hours of total
processing time.
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1. Introduction sector as a dental remineralizing agent. Xylitol
can increase salivation and inhibit the cellular
activity of cariogenic organisms, thus reducing
plaque, gum swelling, dental erosion and pre-
venting xerostomia (lack of saliva production)

Xylitol 1s a pentitol or polyalcohol sugar
(C5H1205) commonly used in the pharmaceutical
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tries and is categorized as safe for diabetics [5—
8]. Other than that, xylitol is used as a building
block for ethylene glycol and propylene glycol
formation using Ruthenium or copper as the
catalyst in the hydrogenolysis process [9,10]
and as a building block for 2,3,4,5 tetrahydrox-
ypentanoic acid and xylonic acid using diperio-
datoargentate(IIl) and Ru(IIl) as the catalyst
through oxidation [11,12].

Conventionally, xylitol production involves
the hydrogenation of xylose from lignocellulosic
biomass. Lignocellulose-based materials are
pretreated and hydrolyzed using dilute sulfuric
acid, after which the hydrolyzate is purified us-
ing chromatography to obtain xylose. Pure xy-
lose solution is then catalytically hydrogenated
using Raney-Nickel or Ru/C (Ruthenium-
carbon) as the catalysts become xylitol [13,14].
However, this conventional xylitol production
method has several disadvantages: the process
uses much energy as it is conducted at relative-
ly high pressure and temperature (50-60 bar
and 140-200 °C); the process requires delicate
purification of the hydrolysate to obtain pure
xylose; and need more investment in types of
equipment, numerous intermediate purifica-
tion, product recovery, catalyst deactivation,
and recycling process [14-16]. An alternative
method of producing xylitol from lignocellulose-
based materials involves a bioprocessing sys-
tem. It includes enzymatic hydrolysis using xy-
lanase to obtain xylose containing hydrolysate
and microbial fermentation to convert xylose in
hydrolysate into xylitol [15,17,18]. However,
the hydrolysis and fermentation processes are
generally conducted in different reactors, better
known as separate hydrolysis and fermentation
(SHF), because they have different operating
conditions. As a result, the fermentative sugar
production process requires a longer processing
time and is still considered uneconomical.

Alternatively, the bioprocess route for xyli-
tol production, namely, hydrolysis and fermen-
tation, can be conducted simultaneously or bet-
ter known as simultaneous saccharification and
fermentation (SSF). In principle, both the hy-
drolysis and fermentation processes coincide in
the same reactor, providing direct utilization of
hydrolysis product, the monomeric sugar, as
the carbon source for the fermenting agent of
the desired product [18-20]. Another ad-
vantage of the SSF technique is to enhance
productivity in less time [18,21]. Consequently,
both processes are conducted at the same oper-
ating condition. This operating condition is an
issue within itself, given that the hydroly-
sis/saccharification process necessitates more
heat than the fermentation process. If the pro-

cess is allowed, the fermenting agent will per-
ish, and no xylitol will be produced. Moreover,
the application SSF process from lignocellu-
lose-based materials minimizes the potential
substrate inhibition on the fermentation pro-
cess and the potential product inhibition on the
enzymatic hydrolysis process, increasing the
yield and productivity [20,22,23]. Based on
these considerations, optimal temperature
management is required to ensure the SSF
process's continuation.

Previous studies showed that SSF combined
with prior hydrolysis in ethanol production in-
creased the ethanol yield than the SSF only
[21,24]. Burhan et al. [18] reported the imple-
mentation of SSF for xylitol production from oil
palm empty fruit bunch (OPEFB). In their re-
search, the duration of the prior hydrolysis pro-
cess was varied to achieve the optimum re-
sults. Overall, at the same total processing
time, up to a 4-fold increase of the xylitol yield
from OPEFB compared with SHF was obtained
[18]. Prior hydrolysis is necessary to provide
sufficient substrate for initializing the fermen-
tation. However, the optimum temperature for
conducting hydrolysis and fermentation simul-
taneously has been overlooked; the SSF was
conducted at the optimum fermentation tem-
perature, leading to low enzymatic hydrolysis
activity. The optimum temperature of xylan
hydrolysis using xylanase is reported in the
range of 40-70 °C [25,26], whereas the opti-
mum temperature for xylitol-producing yeast
fermentation is reported in 10—44 °C [27-30].
Conducting the SSF at the optimum tempera-
ture for both hydrolysis and fermentation
would significantly increase the process perfor-
mance. The temperature setting for SSF and
the duration of the prior hydrolysis process can
be optimized further to higher xylitol produc-
tivity.

A predictive model may serve as a useful
tool to explore the interaction between parame-
ters without conducting wet experiments. In
particular, kinetic modelling can be applied to
search for the optimal SSF configuration: the
operating temperature, the duration of the pri-
or hydrolysis, or the initialization of the fer-
mentation-based on a particular initial cell
concentration. This paper presents the develop-
ment of a kinetic model for lignocellulosic ma-
terial-based xylitol production using SSF. The
model was further used for thoroughly study-
ing the effect of process temperature, prior hy-
drolysis, switching time (the start of SSF), and
the inoculum size to estimate xylitol concentra-
tion and its productivity. Therefore, the results
could be applied on a laboratory level and
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eventually developed on both a pilot and an in-
dustrial scale.

2. Materials and Method

The model was built by assuming that the
process took place in a single batch reactor. The
xylan-based hemicellulose in lignocellulosic
material was pretreated before being put into
the reactor for enzymatic hydrolysis and fer-
mentation. Xylitol production through the bio-
processing pathway is shown in Figure 1. Dur-
ing the hydrolysis process, xylan was hydro-
lyzed into xylose. The yeast further utilized xy-
lose as the carbon source for biomass growth
and xylitol formation during the fermentation
process. The maximum theoretical yield of xy-
lose is 1.14, whereas the theoretical maximum
yield of xylitol is 0.9 [31,32]. This model as-
sumed that xylitol was the only metabolite
product produced during the fermentation and
that a decrease in cell concentration was ne-
glected. Overall, the mass balances describing
the process are presented in Equations (1)—(4).

2.1 Kinetic Model Developments
2.1.1 Xylan hydrolysis

The hydrolysis rate process (rwq) was mod-
elled using the Michaelis Menten reaction Kki-
netics equation presented in Equation (5). With
Imaxhyd (g/(L.h)) 1s the maximum rate of hydrol-
ysis, Cuian 18 the concentration of xylan (g/L),
and Knnya 1s the Michaelis constant for the xy-
lan hydrolysis (g/L) [13].

r xC

_ “max,hyd xylan
T =g ®)
m,hyd xylan

Like other chemical reactions, a higher tem-
perature can increase the rate of enzymatic re-
actions. However, higher temperature also
raises the rate of thermal denaturation and the
loss of biocatalyst activity [33,34]. Within the
range of 40-60 °C, however, the overall rate of
xylan hydrolysis using xylanase is still increas-
ing with temperature [25], and the overall ef-
fect of temperature on this enzymatic reaction
can be modelled following the Arrhenius equa-
tion as is presented in Equation (7):

6

rmax,hyd = khyd ><E‘O ( )
_Ea,hyd

k, =A  xe " (7)

hyd — “hyd

Where, Ey is the concentration of the initial
concentration of enzyme used (g/L), knya is the
catalytic constant of hydrolysis (h=1), Anua is the
Arrhenius constant for the hydrolysis reaction
(h1), Euna 1s the activation energy of the
hydrolysis reaction (kd/mol), R is the universal
gas constant (kJ/mol.K), and Th,q is the temper-
ature of hydrolysis (K).
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Figure 1. Bioprocess-based xylitol production.
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2.1.2 Biomass growth

The biomass growth rate is defined
following the first-order reaction kinetics with
respect to the biomass concentration (Cx, g/L)
(Equation (8)). Whereas, the biomass-specific
growth rate (u, h™1) is defined following the
Monod equation that correlates the specific
growth rate with substrate (xylose)
concentration (Cxyiose, g/L).

— 8
Voiomass = HX CX ( )
_ /’lmax,fér x nylase

K +C

s, fer xylose

(©)

In which, K,s is the growth saturation con-
stant on xylose (g/L) and gmaxfer 1s the maximum
specific growth rate of the fermentation process
(h71). Further, the effect of temperature of bio-
mass growth can be modelled following
Sanchéz et al. [28] as:

Eg fer Ed fer

/’lmax,‘fer = Afer xe f— B xe K (10)

fer

where, Egfrr is the cell activation energy for
growth (kd/mol), Eqzris the deactivation energy
when the cell has entered the death phase
(kd/mol), Asr is the cell activation coefficient
(h™1), Brer is the cell inactivation coefficient (h1).
Other effects of microenvironment conditions,
such as the oxygen concentration in the fer-
mentation broth or the acidity level of the me-
dia, were not considered in this model. Combi-
nation of Equations (8), (9), and (10) are given
as follows:

fer fe xylose

Eg fer Ed, fer
A4, xe ® —B. xe £ |xC

Toiomass = K +C

s, fer xylose

xCy 11)

2.1.3 Xylitol formation

Xylitol production rate is modelled using the
growth-associated product. The equation is
approached as follows [33]:

::uXCXXYC (12)

Pytitol witol | X

A combination of Equations (9), (10), and (12)
are given as follows.
B kg
AXe RT _Bxe RT xnyluse
Paytitol = K +C x CX x YC.(;-Z:/UI/ X (13)

s, fer xylose

where, Ycuwiio/x 1s the yield of xylitol formed
from biomass activity.

2.1.4 Determination of cell and xylitol produc-
tivity

After the xylose was converted entirely, we
could measure how much cell and xylitol
productivity was obtained in each configura-
tion process. The cell productivity is deter-
mined as follows (Equation (14)).

Oy =— 14)
where, @x and ¢, are cell productivity (g/(L.h))

and total processing time (h), respectively.
Also, xylitol productivity is defined as follows:

C litol
Qxyli/ol = X; : (15)
P

where, Qx is the xylitol productivity (g/(L.h)).

2.2 Model Simulation, Model Assumptions, and
Boundary Conditions

The simulation started with the hydrolysis
of xylan to xylose, followed by the fermentation
of the xylose to xylitol. The initial concentra-
tion of xylan was set at 100 g/L. Unless stated
otherwise, the initial biomass concentration of
0.5 g/LL was introduced at the beginning of the
fermentation process. The maximal total pro-
cess time was set to be 200 hours.

The pretreatment of lignocellulosic material
generates several derivative compounds that
disrupt the saccharification and fermentation
processes [35—38]. To avoid inhibition of both
processes, we used pure xylan as an assump-
tion. Moreover, all simulation processes were
stopped when the xylitol reached the maximum
concentration in each process, and the other
compounds were considered not to interfere
with the process. Particularly for Separate Hy-
drolysis and Fermentation (SHF), hydrolysis
was halted if 1% of xylan residue was obtained.
Thus, during hydrolysis, the xylobiose and oth-
er xylooligosaccharide formations were neglect-
ed. Moreover, the xylitol was assumed not con-
sumed by cells or converted into the other com-
pounds so that xylitol accumulation has de-
creased. The simulations were conducted using
the Matlab R2018a. The supporting data for
simulations are shown in Table 1.

3. Results and Discussion

3.1 Mapping the Effects of Temperature on Hy-
drolysis and Fermentation

The literature study indicated that the hy-
drolysis of xylan and the fermentation for xyli-
tol production occurred in the different temper-
ature ranges. For example, Mardawati et al.
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[25] and Meilany et al. [26] reported the opti-
mum temperature for xylan hydrolysis for ob-
taining the highest xylose yield at 60 °C. In
contrast, Pappu and Gummadi [37] and
Sanchez et al. [28,39] reported the optimum
temperature for fermentation at 35 °C. Indeed,
a previous study showed that the range tem-
perature for the high biomass growth and xyli-
tol productivity was 30-35 °C [18,30,40].
Burhan et al. [18] reported a decrease in fer-
mentation xylitol performance when the tem-
perature was increased from 30 to 37 °C. The
mapping of the effects of temperature on hy-
drolysis and fermentation, particularly the
maximum rate of hydrolysis (k<) and the
maximum specific growth rate of biomass
(Umaz), In the temperature range of 25—-60 °C are
presented in Figure 2.

Within the temperature range of 25-60 °C,
the xylan hydrolysis rate was shown to in-
crease along with an increase in temperature,
whereas three distinct trends of fermentation

g
khyd ()

L L n L L L L 05
20 25 30 35 40 45 50 55 60

Temperature (°C)

Figure 2. Effect of temperature on hydrolysis
and fermentation processes; the blue line (—)
denotes the fermentation model; the red line
(—) represents the hydrolysis model.

rate were observed. First, an increasing trend
of the maximum specific biomass growth rate
was observed between 25-34 °C. Second, be-
tween 34 °C and 42 °C, a decreasing trend of
the maximum specific biomass growth rate was
observed. Finally, the biomass could not grow
above 42 °C. Therefore, the optimum condition
for both hydrolysis and fermentation were ex-
pected to be in the range of 25-42 °C. In this
condition, both fermentation and hydrolysis
can proceed, although not in each optimum
condition.

3.2 Separate Hydrolysis-Fermentation (SHF)

Xylitol production via the SHF system was
simulated as the reference. The SHF was con-
ducted at the optimum temperature for each
process, as calculated in the previous section
(Figure 2). During this simulation, the hydroly-
sis was set to proceed at 60 °C, whereas the fol-
lowing fermentation proceeded at 34 °C. The
temperature switch was assumed to occur in-

120 ¢ T T
Xylan
Biomass
Xylitol 4
Xylose

100

80

60 |

Concentration (g/L)

40 ¢

20 -

Fermentation
was started

0 50 100 150 200
Process time (h)

Figure 3. Xylitol production by using the SHF
method, both the hydroylysis and the
succeeding fermentation were conducted at
their optimum temperatures.

Table 1. Supporting data for modeling and simulation of xylitol production.

Parameter Value Reference

Konya (g/L) 6.896 [46]

Yx/Caytose (g/L0) 0.190 [47]
Yeuyiitor/Cxytose (g114) 0.41 [47]

K rer (g/L)) 5.897 [46]

Eohya (kdJ/mol) 27.08 [48]

R (J/mol.K) 8.314 [33]

Anya 47786.71 [48]

Egfr (kdJ/mol) 56.9 [28]

Edqfr (kdJ/mol) 138.9 [28]

Arer (1/h) 4.32x108 Obtained from data [28]
Byer (1/h) 1.62x1022 Obtained from data [28]
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stantly. Fermentation was initiated shortly af-
ter the completion of xylan hydrolysis, which
was at 99% xylan conversion. The results of the
simulation of xylitol production using the SHF
method are shown in Figure 3.

Figure 3 shows that at 48 hours, 99% of xy-
lan has been converted, giving the xylose con-
centration of 112.68 g/Li and a residual xylan of
1.16 g/L. The fermentation was then initiated
at that time, and the simulation was continued
until a total processing time of 200 hours.
Xylose was consumed slowly by the biomass for
the first 32 hours of fermentation. At that time,
the biomass was in the lag phase, and xylitol
was formed slowly. After 80 hours of processing
time, a fast decrease in xylose concentration
was observed, indicating high xylose consump-
tion for growth and xylitol production. The final
concentration of biomass and xylitol obtained
in the simulation was 21.85 g/L and 46.07 g/L,
successively, which were achieved at the 6th
day or 128 hours of processing time. The final
xylitol concentration was the maximum concen-
tration that could be achieved based on theoret-
ical yield.

Dominguez et al. [40] reported that the xyli-
tol production using 120 g/Li synthetic sub-
strates using 1.2 g/L initial yeast concentration
gave xylitol and yeast concentration near 80
g/Li and 5 g/L, respectively, after 72-hour fer-
mentation. The fermentation was conducted at
the optimal fermentation temperature, and all
xylose was utilized within the observed fermen-
tation time. This reported fermentation time
was comparable to the time required for con-
suming all xylose in the fermentation simula-
tion, 80 hours (Figure 3).

120 T T T

Xylan
Xylose
Biomass | -
Xylitol

100

80

(a)

60

Concentration (g/L)

40

20

0 50 100 150 200
Process time (h)

3.3 Simultaneous Saccharification and
Fermentation (SSF)

During SSF, all components of the process:
xylan as the substrate, the xylanolytic enzyme,
and the biomass inoculum (as the fermenting
agent) were present in the bioreactor, such
that the hydrolysis and fermentation coincided.
Therefore, two distinct strategies were evaluat-
ed: conducting SSF at the optimum hydrolysis
temperature (60 °C) and conducting the SSF at
the optimum fermentation temperature (34
°C). The simulation results are presented in
Figure 4. In addition, the model was also run
for conducting SSF at 30 °C and at initial xylan
concentration of 11.25 g/L such the obtained re-
sults could be compared with literature data
[18], for model verification.

At the optimum hydrolysis temperature of
60 °C (Figure 4(a)), xylan was converted into
xylose, increasing the xylose profile until 48-
hours. However, the following fermentation
could not proceed as the fermenting agent of
xylitol production, such as Debaromyces han-
senii, Debaromyces nepalensis, Pachysolen tan-
nophilus, or Candida tropicalis, could only
grow in the temperature range of 15-40 °C
[28-30,41,42]. Thus, thereby no biomass
growth nor product formation is observed
(Figure 2). By the end of this simulation, only
as much as 115.31 g/L of xylose was formed.

At the optimum fermentation temperature
of 34 °C (Figure 4(b)), hydrolysis proceeded
slowly. Xylan was slowly hydrolyzed and would
be hydrolyzed entirely at 110 hours. Although
the biomass inoculum was already present
from the beginning of SSF, the low xylose
concentration led to slow biomass growth.

100 T T r
Xylan
90 Xylose | |
Biomass

80 Xylitol 7
. 70F
-
3 ol (b)
c
o°
© 50
3
2 40
o
O

30

20+

10+

0 — L .
0 50 100 150 200

Process time (h)

Figure 4. Xylitol production via SSF method conducted at (a) the optimum hydrolysis temperature and

(b) the optimum fermentation temperature.
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Significant biomass concentration was only
observed after 43 hours, and the biomass
reached the stationary phase when the
substrate was exhausted. Xylose was entirely
utilized at 109 hours, resulting in xylitol and
biomass concentrations of 46.06 g/L. and 21.83
g/L, respectively. The final xylitol concentration
was the maximum concentration that could be
achieved based on theoretical yield.

Nevertheless, compared to the SHF process
(and assuming that the working volume of the
SSF is the same as SHF), it generates a similar
total mole of xylitol. On the other hand, the
SSF method proceeded faster to achieve the
same xylitol concentration. Therefore, applying
the optimum fermentation temperature is pref-
erable to the optimum hydrolysis temperature
in SSF.

The hydrolysis proceeded even slower at 30
°C, and thereby the overall process proceeded
more slowly. The maximum xylitol concentra-
tion was eventually achieved at 104 hours, giv-
ing xylitol productivity of x g/I/h. When com-
pared to literature data [18], the SSF experi-
ment conducted by Burhan et al at similar op-
erating condition for 120 hours resulted in xyli-
tol productivity of 0.006 g/L/h. Our model simu-
lation gave slightly higher value than experi-
mental data. It is important to note that the ex-
periment was conducted by using pretreated
Oil Palm Empty Fruit Bunches as the sub-
strate in which some inhibitory substances
might be formed during the substrate prepara-
tion that led to lower overall xylitol productivi-

ty.

N
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T T T T T 0.45
&= Xylitol productivity (g/(L.h))

@
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=3}
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Process time (h)
] ] B
8 8 S

©
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n
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Figure 5. The results of SSF simulation for con-
tour map showing temperature, process time,
and xylitol productivity.

3.4 Simultaneous Hydrolysis-Fermentation at
Optimum SSF Temperature

In determining the optimum temperature
for SSF, simulations were conducted within the
temperature range of 30-43 °C using Equa-
tions (7), (11), and (13) for temperature-
dependent hydrolysis, biomass growth, and xy-
litol formation, respectively. Figure 5 showed
the contour plot between temperature, the pro-
cessing time, and the resulting xylitol produc-
tivity. The lowest to the highest xylitol produc-
tivity was represented by the dark blue to dark
red contour area.

The maximum xylitol concentration can al-
ways be achieved at various SSF temperatures.
However, the processing time required to
achieve the maximum xylitol concentration
varied with temperature, leading to a variation
in the xylitol productivity. The low enzymatic
activity at the range of temperature of 30—43
°C resulted in slow xylose accumulation. The
low xylose concentration led to slow biomass
growth and xylitol formation. For total pro-
cessing time under 60 hours, low xylitol
productivity (<0.15 g/(L..h)) was observed at the
simulated temperature range (Figure 5). An in-
creasing trend of xylitol productivity was ob-
served at processing time 60—100 hours. How-
ever, the xylitol productivity slowly decreased
after 100 hours of processing time. The opti-
mum xylitol productivity was achieved in the
temperature range of 34-37 °C, marked by the
dark red region in Figure 5. At 36 °C, the maxi-
mum xylitol concentration was achieved at 102
hours, gave the highest xylitol productivity of
0.45 g/(L.h). Conducting SSF at this optimum
SSF temperature, 36 °C, led to higher xylitol
productivity than conducting SSF at the opti-
mum fermentation temperature.

3.5 Semi-Simultaneous Hydrolysis-
Fermentation and the Effect of Initial Cell
Concentration

The performance of SSF may be improved
by conducting a prior hydrolysis process, at the
optimized temperature for hydrolysis, before
the initiation of SSF. The overall process, the
combination of the prior hydrolysis process and
the SSF process, is called semi-simultaneous
hydrolysis and fermentation (semi-SSF). In
practice, the initiation of SSF can be set by
adding biomass inoculum to various concentra-
tions. This event will be referred to as the
switching time in the remaining discussion.

The determination of the optimum switch-
ing time was conducted by varying the dura-
tion of prior hydrolysis, ranging between 0 to
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48 hours, at a particular initial cell concentra-
tion. The results are shown in Figure 6, with
the dark blue to dark red colour denotes the
lowest to highest xylitol concentration, respec-
tively.

In general, an increase in the switching
time resulted in a longer total processing time
required to achieve the maximum xylitol con-
centration (Figure 6). The best configuration
was obtained by prior hydrolysis time of 8
hours led to a total processing time of 93 hours
to achieve the maximum xylitol concentration
(Figure 6(a)). The later the switching time, the
lower the ability of the biomass to ferment so

45

Total process time (h)
8 3 8

2

0 5 10 15 20 25 30 as 40 a5
Switching time (h)

€= Xyitd (1)

n

Total process time (h)

o 5 10 15 20 25 30 35 40 45
Switching time (h)

that productivity decreases. The obtained re-
sults are consistent with a previous study con-
ducted by Burhan et al. [18], in which prior hy-
drolysis resulted in higher xylitol concentration
and productivity.

The overall processing time could be further
improved by increasing the initial biomass con-
centration for the fermentation, or in other
words, increasing the inoculum size added to
the system (Figure 6(b-c)). Table 2 shows the
effects of initial cell concentrations on cell and
xylitol productivities. In addition, the increase
in the initial cell concentrations shortened the
total processing time despite longer prior hy-
drolysis time. These results showed that the
fermentation process was the limiting factor of
xylitol production. Increasing the concentration
of cell inoculum is thus recommended to
increase xylitol productivity and shorten the
total process time.

3.6 Comparison of Configurations of All Pro-
cesses

Various process configurations for xylitol
production have been simulated. We summa-
rized the effect of process configuration and
process temperature on overall processing
time, cell, and xylitol productivities at the
same initial xylan and cell concentration (100

100

Total process time (h)

815
. 10
o
15 20 25 30 35 40 45

Switching time {h)

Figure 6. Contour map showing the effect of switching time to xylitol concentration at initial cell con-
centration of (a) 0.5 g/L; (b) 1 g/L; and (c) 2 g/L.

Table 2. The effect of initial cell concentration in the inoculum to SSF for xylitol production.

Initial cell Optimum Prior

concentration Cell productivity Xylitol productivity hydrolysis time Over.all processing
(g/L) (g cell/(L.h)) (g xylitol/(L.h)) (hour) time (hour)
0.5 0.221 0.496 8 93
1 0.263 0.550 14 84
0.307 0.599 21 77
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g/L and 0.5 g/L)). The summary of cell and xyli-
tol productivity and the time required to
achieve the maximum xylitol concentration are
shown in Table 3. SSF at optimum condition
temperature provided better cell and xylitol
productivities than SSF at the optimum fer-
mentation temperature. SSF with high initial
cell concentration increased the cell and xylitol
productivities further. The best SSF configura-
tion obtained in the simulations was 21 hours
before hydrolysis at the optimum hydrolysis
temperature, followed by SSF at 36 °C by add-
ing a cell inoculum up to 2 g/L. It is shortened
the overall processing time to achieve the maxi-
mum xylitol concentration to 77 hours, or
39.84% compared with the SHF. The overall
processing time for SHF was 128 hours, where-
as the overall processing time for the best SSF
configuration was 77 hours.

The obtained results confirmed previous re-
sults of Burhan et al. [18] and Ohgren et al.
[45], which produced xylitol and ethanol using
the SHF and SSF methods. In addition, they
obtained higher productivity results when us-
ing the SSF configuration. The SSF simulation
results showed that the optimum temperature,
intermediate xylose formation-reduction, xyli-
tol formed, and biomass growth could be pre-
dicted adequately. Experimental wvalidation
through testing the SSF temperature and the
pre-hydrolysis time could be conducted further
to confirm the accuracy of the used model pa-
rameters.

Overall, the developed kinetic model simula-
tion has been applied to design the configura-
tion and the SSF operation process. However,
the model could be further improved by incor-
porating non-ideal conditions such as the inhib-
itory term to the hydrolysis process [35] or the
inhibitory term to the xylitol fermentation pro-

cess [6,37,38], giving a more accurate estima-
tion of the SSF process of lignocellulosic mate-
rial. In addition, detailed kinetics of the related
process and the estimated concentration of the
inhibitory substance in a specific process, for
example, SSF of OPEFB, needed to be defined.
Nonetheless, this paper showed that SSF or
semi SSF is an alternative process configura-
tion that led to higher product (xylitol) produc-
tivity.

4. Conclusions

The kinetic model describing the SSF for xy-
litol production from hemicellulose of
lignocellulosic material has been successfully
developed and simulated. Our simulation
showed that the performance of the SSF pro-
cess was affected by the process temperature,
the length of prior hydrolysis or the switching
time, and the initial biomass concentration.
Overall, it was concluded that the SSF configu-
ration led to higher xylitol productivity than
the SHF. The best SSF configuration was the
combination of prior hydrolysis at the optimum
hydrolysis temperature for 21 hours (semi
SSF), SSF temperature of 36 °C, and initial bi-
omass concentration of 2 g/L, which then led to
an increased cell and xylitol productivity to
0.307 and 0.599 g/(L.h), respectively.
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Table 3. Results of all configurations of processes of xylitol production.

Total process

) . Temperature Cell productivity  Xylitol productivity .
Process configuration C) (g-cell/(L.h)) (g-xylitol/(L.h)) time
(hour)
SHF Hydrolysis 60 0.176 0.360 128
Fermentation 34

SSF at optimum hydrolysis tem- 60 48
perature
SSF at optimum fermentation 34 0.202 0.423 109
temperature
SSF at optimum condition tem- 36 0.214 0.452 102
perature
Semi SSF with 8-hour pre- Pre-hydrolysis 60 0.221 0.496 93
hydrolysis SSF 36
Semi SSF with 21-hour pre- Pre-hydrolysis 60 0.307 0.599 77
hydrolysis, with 2 g/L initial bio- SSF 36

mass concentration
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